Motivated by the search for ways of a more efficient usage of the ubiquitous, and unexploited resources of methane, recent progress in the gas-phase activation of methane by metal dication complex ion is discussed. . The PEC calculated binding energy of methane to lead benzene dication complex ion was approximately 25.45% higher than the value recorded on DFT calculation. This difference was due to the charge differences on the lead metal centre. While the actual calculated charge on the Pb metal in the optimised geometry was 1.68 the charge of +2 on the Pb metal was considered in the PEC calculation.
Introduction
Methane concentrations had increased globally from 722 parts per billion (ppb) in pre-industrial times by a factor of 2.5 to 1800 ppb [1] and currently to 1850.5 ppb, July 2018 [2] . Although the amount of methane emissions is five times less than those of CO 2 , they are similarly problematic because methane can retain, approximately 23 times more heat than CO 2 in the atmosphere [3] . A challenge for the future is the activation of methane and its conversion into more valuable feed stocks, because it would permit a much more efficient use of methane from either geological deposits or biogenic sources [1] into other valuable and/or environmentally friendly chemical compounds. Understanding of the nature of bonds in complexes can serve as a vehicle in the conversion of methane into a more valuable feedstock which will be of strategic importance in tropical chemistry where experiments in the gas phase can have a significant impact. Imagine a small plant that has methane and air as inputs where resources of methane could be used much more efficiently; for example, steam reforming converts methane into syngas [Equation (1) ] from which methanol can be produced in a second step [Equation (2)]; or partial oxidation of methane according to Equation (3) to produce methanol as a liquid. 
Most biological processes are identified to involve heavy metals or their cations which usually act as poisons [2] . It is a well instituted fact that lead toxicity in particular is widely spread in nature from centuries [4] [5] [6] [7] . As a result of anthropogenic activities, lead is primarily dispersed throughout the environment in the form of particles in the air, and is removed by rain or gravitational settling. Plants and animals may have bioconcentrate lead (Pb) which the general population may be exposed to in ambient air, foods, drinking water, soil and dust. Hence the detection of lead and the treating of lead poisoning in the environment [8] has attracted a wide-spread attention more importantly investigation into lead (II) complexes in the gas phase. In inorganic chemistry lead complexes play a vital role as intermediates in homogeneous catalysis as well the active bonding between metal cation and ligands play a key role in coordination chemistry [9] . [12] . The structure of the Pb 2+ -deprotonated 2'-deoxyguanosine-5'-monophos-phate (dGMP) complex, generated in the gas phase by electrospray ionization, was examined by combining tandem mass spectrometry, mid-infrared multiple-photon dissociation (IRMPD) spectroscopy and ion mobility in the gas phase [13] . 
Experimental Section
[Pb(Benzene) 2 ] 2+ ions were synthesised in the gas phase and their spectra recorded via UV photofragment spectroscopy within an ion trap mass spectrometer cooled to between 100 -150 K. A schematic diagram of the apparatus is shown in Figure 1 . Neutral [Pb(Benzene) n ] clusters were generated via the pickup technique [19] , whereby argon carrier gas at a pressure of 130 psi was passed through a reservoir of benzene held at room temperature. The resultant The emerging beam of mixed argon/pyridine clusters then passed over the top of a Knudsen cell containing manganese chips heated to 1150˚C, which was sufficient to generate a metal vapour pressure of 10 −3 to 10 −2 mbar. Collisions between metal vapour and the mixed clusters generated neutral metal-containing clusters, which were then ionised by high energy electron impact (100 eV) in the ion source of a quadrupole mass spectrometer (Extrel). From the mixture a doubly charged ions, [Pb(Benzene) 2 ] 2+ was mass selected and directed by an ion guide into a Paul ion trap. The end caps of the latter were grounded and continuously cooled through direct contact with a liquid nitrogen reservoir. As a result, helium buffer gas (5 × 10 −4 mbar) contained within the trap was also cooled and over a total trapping time of 1 s, collisions between the helium and trapped ions led to a considerable reduction in the internal energy content of the latter [20] . Based on the observation of unimolecular decay by trapped ions, the internal temperature was thought to drop from 4500 K to somewhere in the range 100 -150 K. This cooling procedure has led to the appearance of discrete structure in the spectra (Figure 2 ). To optimize the peak intensity of [Pb(Benzene) 2 ] 2+ the ion optical was effectively tuned to maximise the signal of the calculated target of the metal complex dication at 181.5 amu. In addition a sharp peak due to the parent ion picking up water from the background gas as it circulates within the trap was observed at 190.5 amu (Figure 2 ). The ions were irradiated with seven 10 ns pulses of tunable UV radiation from the frequency-doubled output of a Nd: YAG-pumped dye laser following a 300 ms collection and cooling period, before being ejected for mass analysis and signal averaging. This gave a total duty cycle of 1.0 s for each period of ion injection The important point about the fragmentation mass spectrum is that even without inputting energy via the laser, the complex ions are also able to fragment via collision induced dissociation (CID).
A typical photofragmentation mass spectrum of the methane activation with Figure 4 and Figure 5 ), it was observed that the peak intensities of the fragments in CID depreciated enabling the appearance of the daughter pho- 
The total binding energy is given by Equation (4) while Equation (5) defines the binding energy relative to charge transfer and Equation (6) can best be described as the incremental binding energy reaction. However, Equations (7)- (13) represented electrostatic interaction of lead benzene dication complex ion with methane molecules at various stages of the activation process as identify by the ion peaks. 
Theory
The density functional theory as implemented in Gaussian 09 [21] were used to calculate structures and binding energies of [Pb(benzene) 2 ] 2+ and lead dication complex ions with methane. The local density approximation (LDA) [22] together with the gradient-corrected exchange of Becke [23] and the correlation correction of Perdew [24] (BVP86) were applied on geometry optimization and [25] . A 6-311++G(d,p) basis set was used for all atoms except Pb 2+ , for which the standard SDD relativistic pseudopotential (ECP78MWB) was used [26] . All energies presented are zero point energy corrected. The two optimised geometries observed on [Pb(Benzene) 2 ] 2+ were the C 2V eclipse ( Figure 6 ) and C 2 staggered ( Figure 7) . The resultant effect was that the rings of the sandwich complexes were not parallel with angle of 180˚, rather bent hemi-directed geometries with centroid-Pb-centroid angle of ~167˚ however, this angle was slightly larger than the 162 0 obtained previously [18] . The Pb-Benzene bonds were typically found to be focused all the way through only part of the coordination sphere for lead dication complexes, suggesting possibility of the calculated bent structures being expression of this effect.
From Table 1 ( Figure 8 ) all the initial angles was observed to be distorted; for instance benzene-lead-benzene bond was distorted from 180˚ to 166.01˚, the top benzene-Pb-methane bond is distorted to 101.10˚ while the down benzene-Pbmethane bond was distorted to 107.49˚. The angles of 109.5˚ in methane were distorted to 107.11˚, 108.94˚, 113.01˚, 107.10˚ with the remaining two angles distorted to equal values of 110.25˚. In order to represent the observed charge separation reaction qualitatively a one-dimensional potential energy curve model was plotted (Figure 9) tance (Pb-C) ( Figure 9 ) was 2.24 Ǻ corresponded to 0.114 eV (11.00 kJ/mol in photon energy) on the PEC. Comparing with the calculated DFT of 8.20 kJ/mol it was clear that the calculated PEC value was higher by 2.80 kJ/mol than calculated DFT value. This difference can be accounted for by the charge differences on the lead metal centre, while calculated charge on the Pb in the optimised geometry was 1.68 the charge of Pb = 2 was considered in the PEC calculation. 
Conclusions
The UV spectra of [Pb(Benzene) 2 ] 2+ complexes have been recorded in the gas phase from ions that have been held and cooled in an ion trap which was then activated successfully with methane molecules at a selected photon energy. Photofragmentation of [Pb(Benzene) 2 ] 2+ complexes yielded Pb + and benzene + contrary to the previous work of Ma et al. [18] .
The calculated binding energies on the optimised geometry of [Pb(Benzene) 2 ]
2+
revealed that the values obtained were slightly lower than the previous values obtained at same levels of theory of zero point energy probably due to a slightly larger distortion angle observed in the optimised geometry in this current work.
The PEC calculated binding energy of methane to lead benzene dication complex ion was approximately 25.45% higher than the value recorded on DFT; this difference can be accounted for by the charge differences on the lead metal centre. The actual calculated charge on the Pb in the optimised geometry was 1.68
while the charge of Pb = 2 was considered in the PEC calculation. The incremental addition of methane to the metal dication complex revealed approxi-
